To investigate whether membrane proteases are involved in the activity of Bacillus thuringiensis insecticidal toxins, the rate of pore formation by trypsin-activated Cry1Aa was monitored in the presence of a variety of protease inhibitors with Manduca sexta midgut brush border membrane vesicles and by a light-scattering assay. Most of the inhibitors tested had no effect on the pore-forming ability of the toxin. However, phenylmethylsulfonyl fluoride, a serine protease inhibitor, promoted pore formation, although this stimulation only occurred at higher inhibitor concentrations than those commonly used to inhibit proteases. Among the metalloprotease inhibitors, o-phenanthroline had no significant effect; EDTA and EGTA reduced the rate of pore formation at pH 10.5, but only EDTA was inhibitory at pH 7.5. Neither chelator affected the properties of the pores already formed after incubation of the vesicles with the toxin. Taken together, these results indicate that, once activated, Cry1Aa is completely functional and does not require further proteolysis. The effect of EDTA and EGTA is probably better explained by their ability to chelate divalent cations that could be necessary for the stability of the toxin's receptors or involved elsewhere in the mechanism of pore formation.
Bacillus thuringiensis is by far the most widely used alternative to chemical insecticides for the control of insect pests in forestry, agriculture, and public health. During sporulation, this bacterium produces insecticidal proteins that accumulate in the form of parasporal crystals. Following their ingestion by susceptible insect larvae, these protoxins are solubilized and converted to active toxins by midgut proteases. Activated toxins act by forming pores after binding to specific receptors at the surface of the insect midgut luminal membrane, leading to cell lysis, destruction of the epithelium, and death of the insect (52) . In their activated form, all B. thuringiensis Cry toxins for which the crystal structure has been solved share a similar three-domain structure (7, 21, 24, 33, 34, 44) . Domain I is composed of a bundle of seven anti-parallel ␣-helices and is generally thought to be responsible for membrane insertion and pore formation, while domains II and III are mainly composed of ␤-sheets and involved in the binding, specificity, and stability of the toxin (24, 33, 52) .
Midgut proteases play an essential role in the activation of B. thuringiensis toxins (1, 6, 13) . In the case of Cry1A toxins, the first 28 amino acid residues are removed from the N terminus and approximately half of the protoxin residues are removed from the C terminus (6) . However, susceptibility of the activated toxins to further proteolysis in the midgut environment could possibly affect toxicity and explain apparent discrepancies that are occasionally observed between their in vitro and in vivo activities (15, 41, 49, 60) . For example, Cry1Ca can be completely degraded when incubated with midgut juice from advanced larval instars of Spodoptera littoralis (29) . Synergistic effects between B. thuringiensis toxins and protease inhibitors have been reported (39, 55) , suggesting that some degradation of activated toxins occurs in the midgut (47, 55) . Such degradation could be triggered by receptor binding (55) .
Several in vitro studies have identified proteolytic cleavage sites within the activated toxin. These are found at the Cterminal end of helix ␣1 of Cry1Ac (46) ; between ␣1 and ␣2a of Cry1Ab (23) and Cry1Ac (35) ; within ␣2a of Cry1Ab (43) and Cry1Ac (35) ; between ␣2a and ␣2b of Cry1Ab (43) and Cry1Ac (35, 46) ; between ␣2 and ␣3 of Cry4Ba (7); between ␣3 and ␣4 of Cry2Aa (3, 45) , Cry3Aa (10, 12) , and Cry9Ca (32) ; between ␣5 and ␣6 of Cry4Aa (66) , Cry4Ba (2, 68) , and Cry9Aa (68) ; between ␤4-and ␤5-sheets of Cry11Aa (17, 67) ; between ␤6 and ␤7r of Cry1Aa (48) ; within ␤7r of Cry1Ab (14) ; and between ␤9 and ␤10 of Cry1Ac (35) . The functional significance of these cleavages remains unclear. Removal of helices ␣1 and ␣2 during the crystallization of Cry4Ba did not affect its mosquito larvicidal activity compared with that of freshly activated Cry4Ba, which aligns with the N terminus of ␣1 in homologous toxins (7) . This result suggests that cleavage within the activated toxin does not necessarily lead to a significant alteration of its insecticidal activity. In contrast, midgut enzymatic activity appears to play an important role in the mode of action of Cry3Aa, since proteolytic removal of the C-terminal end of domain III allowed the toxin to become soluble under the midgut pH conditions found in susceptible larvae (10) .
Recent studies suggest that activated toxins could be further processed by midgut proteases after binding to their membrane receptors. Lightwood et al. (35) suggested that a cleavage within domain I of Cry1Ac could facilitate membrane insertion without necessarily being required for pore formation. According to Gómez et al. (23) , binding of Cry1Ab to the cadherin-like receptor BT-R 1 allows the proteolytic cleavage of helix ␣1 in domain I of the toxin, resulting in the formation of a tetrameric prepore structure. They proposed that this cleavage could be essential for pore formation. The fact that activated toxins form pores in isolated brush border membrane vesicles in the absence of soluble midgut proteases suggests that membrane proteases could be involved in the mechanism of action of these toxins. In agreement with this suggestion, Culex quinquefasciatus brush border membrane proteases have been reported to cleave the Cry11Aa toxin (17) . To investigate the possibility that membrane-associated proteases are involved in toxin function, the effect of a variety of membrane protease inhibitors on the pore-forming activity of the trypsinactivated toxin Cry1Aa was studied. Pore formation was monitored in vitro with Manduca sexta midgut brush border membrane vesicles and by an osmotic swelling assay (11) . The results indicate that trypsin-activated Cry1Aa is completely functional.
MATERIALS AND METHODS

Chemicals.
, and N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK) were purchased from Sigma (St. Louis, Mo). EDTA was from Fisher Scientific (Nepean, Ontario). Protease inhibitors were solubilized in water except pepstatin A (stock solution of 29.2 mM in dimethyl sulfoxyde), pCMB (67 mM in dimethyl sulfoxide), PMSF (200 mM in ethanol), and o-phenanthroline (200 mM in methanol). A cocktail (Protease Inhibitor Cocktail Set III) containing 100 mM AEBSF, 80 M aprotinin, 5 mM bestatin, 1.5 mM E-64, 2 mM leupeptin, and 1 mM pepstatin A solubilized in dimethyl sulfoxide was purchased from Calbiochem (San Diego, CA) and used at a final 100-fold dilution.
Preparation of membrane vesicles. Whole midguts were isolated from fifthinstar M. sexta larvae (Carolina Biological Supply Company, Burlington, NC); freed of attached Malpighian tubules and luminal contents; rinsed thoroughly with ice-cold 300 mM sucrose, 17 mM Tris-HCl (pH 7.5), and 5 mM EGTA; and stored at Ϫ80°C until use. Brush border membrane vesicles were prepared by magnesium precipitation and a differential centrifugation technique (64) . The final membrane preparation was resuspended in 10 mM HEPES-KOH (pH 7.5) and stored at Ϫ80°C until use.
Toxins. B. thuringiensis strains HD73Cry
Ϫ and HD1Cry Ϫ B and Escherichia coli strains HB101 and DH5␣ were transformed, respectively, with pBA1 (4), p60.5G31 (62), pMP30 (42) , and pEM14 (61) to produce Cry1Aa, Cry1Ca, Cry1Ab, and Cry1Ea protoxins. Cry1Ac protoxin was produced from B. thuringiensis strain HD73. Protoxins were solubilized, trypsin activated, and purified by fast protein liquid chromatography as described previously (41, 42) . N-terminal sequencing of Cry1Aa was performed by automated N-terminal Edman degradation at the Eastern Quebec Proteomic Center, Centre Hospitalier de l'Université Laval Research Center, Quebec, Canada.
Light-scattering assay. The permeabilizing effect of B. thuringiensis toxins was analyzed using an osmotic swelling technique based on light-scattering measurements (11). Unless specified otherwise, in preparation for the experiments, vesicles were resuspended to about 90% of the desired final volume in 10 mM HEPES-KOH (pH 7.5) or 3-cyclohexylamino-1-propanesulfonic acid (CAPS)-KOH (pH 10.5) and allowed to equilibrate overnight at 4°C. Before the start of the experiments, they were diluted to a final concentration of 0.4 mg of membrane protein/ml with the appropriate buffer and enough bovine serum albumin to achieve a final concentration of 1 mg/ml. In kinetics experiments designed to monitor toxin-induced increases in membrane permeability to KCl, vesicles were first warmed up to 23°C and then rapidly mixed with a stopped-flow apparatus (Hi-Tech Scientific Co., Salisbury, United Kingdom) with an equal volume of a solution containing 150 mM KCl, 10 mM HEPES-KOH (pH 7.5), or CAPS-KOH (pH 10.5); 1-mg/ml bovine serum albumin; and a specified toxin concentration. Due to the hypertonic shock, water exits from the vesicles and their volume decreases rapidly. Then, depending on their permeability to KCl, vesicles reswell and subsequently recover some of their original volume. When protease inhibitors were used, they were added at least 10 min before the beginning of the experiments to the vesicle suspension and to the KCl solution. Since a high pH is present in the lepidopteran midgut (18, 19) , most experiments were carried out at pH 10.5.
Alternatively, for incubation experiments, vesicles were incubated with the indicated concentration of toxin for 60 min at 23°C and then mixed with a solution containing 150 mM KCl, 10 mM HEPES-KOH (pH 7.5), or CAPS-KOH (pH 10.5) and 1-mg/ml bovine serum albumin. In these experiments, protease inhibitors were added to the vesicle suspension and the KCl solution 10 min before the addition of the toxin or after an incubation period of 50 min with the toxin.
Scattered light intensity was monitored at a wavelength of 450 nm at a frequency of 10 Hz with a PTI spectrofluorometer (Photon Technology International, South Brunswick, NJ) with a photomultiplier tube located at 90°from the incident light beam. Data analysis. As described previously (59) , scattered light measurements were first converted into relative scattered light intensity where the value of 1 was attributed to the highest intensity measured in the absence of toxin and the value 0 was attributed to the lowest intensity measured with 150 pmol Cry1Aa/mg of membrane protein. Percent volume recovery was defined as 100(1 Ϫ I t ), where I t is the relative scattered light intensity measured at a given time (t). For pore formation kinetics experiments, percent volume recovery was calculated for every experimental point. Values obtained with control vesicles, assayed without toxin, were subtracted from the experimental values measured in the presence of toxin. To take into account any influence of the inhibitors and their solvents on scattered light intensity measurements, these compounds were also added in the control experiments performed without toxin. Volume recovery curves were then fitted with a Boltzmann sigmoid with the software Origin (OriginLab Corporation, Northampton, MA). The osmotic swelling rate was taken as the maximum slope of these curves.
Data are means Ϯ standard error of the mean (SEM) of at least three experiments, each performed with a different vesicle preparation. Experimental values for each individual experiment consisted of the average of five replicates obtained using the same vesicle preparation. Statistical comparisons were made with the two-tailed unpaired t test.
RESULTS
Effect of various protease inhibitors on the pore-forming activity of Cry1Aa. Midgut brush border membrane vesicles were rapidly mixed with an equal volume of 150 mM KCl. Following the osmotic shock, the vesicles reswelled at a rate that increased with toxin concentration (Fig. 1) . To test the possible role of membrane proteases in the mode of action of B. thuringiensis toxins, the effect of a variety of protease inhibitors on the pore-forming activity of Cry1Aa was tested ( Fig. 2 and Table 1 ). Protease inhibitors were used at a concentration known to be largely sufficient to inhibit the type of protease against which they are active (5, 51, 58, 65) . Because in theory protease inhibitors could either stimulate or inhibit pore formation, a toxin concentration of 50 pmol toxin/mg of membrane protein was chosen to test all inhibitors.
PMSF significantly promoted membrane permeabilization by Cry1Aa ( Fig. 2A) , while EDTA clearly abolished this permeabilization (Fig. 2B) . Although the effect of PMSF suggests that a membrane protease could inhibit pore formation, all other serine protease inhibitors tested (AEBSF, TLCK, TPCK, aprotinin, leupeptin, and antipain) were ineffective ( Table 1) . The efficacy of TLCK and TPCK is maximal around neutral pH values and decreased rapidly under alkaline conditions (53, 56) . The effect of these two inhibitors on Cry1Aa pore formation was therefore also tested at pH 7.5. At this pH, the osmotic swelling rates were 96% Ϯ 4% (based on the results of three experiments) and 99% Ϯ 8% (three experiments) control activity in the presence of TLCK and TPCK, respectively, thus confirming that these two inhibitors had no effect on the poreforming activity of the toxin.
Like EDTA, EGTA also inhibited Cry1Aa activity, but ophenanthroline had no effect (Table 1) . Both zinc-dependent metalloproteases and some calcium-stabilized proteases from other classes could be inactivated by the first two chelating agents. o-Phenanthroline is usually preferred as an inhibitor of metalloproteases, since it has a much higher stability constant for zinc than for calcium (51) . Considering the fact that the solubility of most divalent cations is very low at pH 10.5, EDTA and EGTA were also tested at pH 7.5. At this pH, EDTA inhibited pore formation (16.5% Ϯ 0.1% of control activity; three experiments; P ϭ 0.003), but EGTA had no effect (105% Ϯ 8% of control activity; three experiments; P ϭ 0.7). The lack of effect of EGTA at pH 7.5 and of o-phenanthroline clearly indicates that a metalloprotease is not essential for pore formation.
Among the cysteine protease inhibitors tested (E-64, pCMB, and p-hydroxymercuribenzoate) only pCMB reduced significantly, although slightly, the activity of Cry1Aa (Table 1) . The aspartate protease inhibitors tested (antipain and pepstatin A) and an aminopeptidase inhibitor (bestatin) had no significant effect (Table 1) . Since several types of membrane proteases could potentially act at the same time, a cocktail that inhibits aminopeptidases, as well as serine, cysteine, and aspartate proteases, was also tested. However, it had no effect on the activity of Cry1Aa (Table 1) . Furthermore, to ensure that the apparent lack of activity of membrane proteases on the pore-forming ability of Cry1Aa did not result from the use of a Cry1Aa preparation that was already cleaved within domain I, the N-terminal end was sequenced. It corresponded exactly to the beginning of the activated toxin ( 29 IETGY 33 ).
Effect of PMSF on the pore-forming activity of Cry1 toxins. PMSF significantly enhanced the rate of osmotic swelling induced by Cry1Aa, with a maximum effect reached at about 4 mM (Fig. 3 ). Osmotic swelling rates increased more rapidly as a function of toxin concentration in the presence of PMSF than in its absence (Fig. 4) . Nevertheless, swelling rates never reached a constant value indicative of receptor saturation for toxin concentrations up to 600 pmol/mg of membrane protein. PMSF also promoted membrane permeabilization by Cry1Ab, Cry1Ac, Cry1Ca, and Cry1Ea (Table 2) . Since Cry1Ca causes a much smaller osmotic swelling rate at pH 10.5 than the other toxins tested (59) , experiments with this toxin were performed with a higher toxin concentration (150 pmol/mg of membrane protein). The stimulatory effect of PMSF on the pore-forming activity of Cry1Aa, Cry1Ac, and Cry1Ca was similar. However, this effect was significantly (P Ͻ 0.05) stronger for Cry1Ea and weaker for Cry1Ab than for Cry1Aa.
To investigate whether PMSF acts on the toxin molecule or on the vesicles, toxin and vesicles concentrated 30 and 10 fold, respectively, were incubated overnight with 4 mM PMSF (Table 3). The toxin and vesicles were then diluted to their usual final concentration immediately before the onset of the osmotic swelling experiments. This dilution and the short halflife of PMSF in water (about 1 h) (28) ensure that the active concentration of PMSF becomes negligible during the osmotic swelling part of the experiment. Overnight incubation of vesicles, toxin, or both with PMSF or ethanol (the solvent in which PMSF was solubilized) had no significant effect on the activity of the toxin (Table 3 ). According to these results, the effect of PMSF could have been due to a modification of the toxin molecule on a serine residue (22) that was only accessible after binding of the toxin to its receptor. The effect of PMSF (Fig. 3 ) could also be due to a modification of pore properties. To test this hypothesis, vesicles were incubated for 60 min with or without 50 pmol of toxin/mg of membrane protein. PMSF was added to the vesicle suspension and to the KCl solution 10 min before the addition of the toxin or for 10 min at the end of the incubation period (Fig. 5) . PMSF had no effect on the control experiments performed without toxin and no effect on Cry1Aa-induced permeability, whether it was added at the beginning or at the end of the incubation period. Previous results show that during incubation experiments performed in the absence of PMSF, volume recovery induced by Cry1Aa reaches a constant value between 50 to 100 pmol of toxin/mg of membrane protein (60) . However, the lack of activity of PMSF does not appear to be due to the use of a saturating toxin concentration, since experiments performed with a lower toxin concentration Effect of EDTA and EGTA on the pore-forming activity of Cry1 toxins. The rate of pore formation by Cry1Aa was first examined at pH 10.5 in the presence of various concentrations of EDTA and EGTA ( Fig. 6A and B) . Since EGTA did not inhibit pore formation by Cry1Aa at pH 7.5, as mentioned above, a dose-response experiment was only performed for EDTA at this pH (Fig. 6C) . At pH 10.5, the inhibition curve was much steeper for EDTA (Fig. 6A ) than for EGTA (Fig.  6B) ; for EDTA, the curve was much steeper at pH 10.5 ( Fig.  6A) than at pH 7.5 (Fig. 6C) .
The addition of an excess of divalent cations after a 10-min incubation of the vesicles with EDTA was used to test the reversibility of the inhibitory effect of EDTA (Table 4) . Based on the dose-response curves of Fig. 6 , vesicles and toxin were first incubated for 10 min with 0.4 mM EDTA at pH 7.5 or with 0.2 mM EDTA at pH 10.5. Then, 2 mM CaCl 2 , MgCl 2 , or BaCl 2 (pH 7.5) or 1 mM CaCl 2 (pH 10.5) was added before the osmotic swelling experiment. Because Mg 2ϩ and Ba 2ϩ form insoluble hydroxides at high pH, MgCl 2 and BaCl 2 were only tested at pH 7.5. At both pH values, addition of divalent cations reversed the inhibition of Cry1Aa pore-forming activity by EDTA (Table 4) . However, the addition of 2 mM CaCl 2 at pH 7.5 significantly reduced the pore-forming activity of the toxin by approximately 25% in both the presence and absence of EDTA.
The effect of EDTA was also tested on other Cry1 toxins at pH 10.5. At 2 mM, EDTA inhibited pore formation by Cry1Ab, Cry1Ac, and Cry1Ea but had no effect on the activity of Cry1Ca (Table 5 ). The effect of EDTA and EGTA could be due to an inhibition of pore formation or to a modification of the properties of the pores. To distinguish between these two possibilities, incubation experiments were performed with EDTA ( Fig. 7A and B) and EGTA ( Fig. 7C and D) . Vesicles were incubated for 60 min with or without 50 pmol toxin/mg of membrane protein. EDTA or EGTA was added to the vesicle suspension and the KCl solution 10 min before the toxin or for 10 min at the end of the incubation period. These experiments were carried out at pH 7.5 ( Fig. 7A and C) and pH 10.5 ( Fig.  7B and D) . At pH 7.5, neither EDTA (Fig. 7A) nor EGTA (Fig. 7C ) affected membrane permeability in the presence or absence of toxin when added at the beginning or at the end of the incubation period. At pH 10.5, EDTA (Fig. 7B) reduced membrane permeabilization by Cry1Aa, but EGTA (Fig. 7D) had no detectable effect. The effect of EDTA was considerably more pronounced when added at the beginning of the incubation period.
DISCUSSION
To test the hypothesis that membrane proteases could play a role in the mode of action of B. thuringiensis toxins, the effect of a variety of protease inhibitors on the pore-forming activity a Brush border membrane vesicles were incubated overnight at 4 mg of membrane protein/ml in 10 mM CAPS-KOH (pH 10.5) and the indicated amounts of PMSF and ethanol. Prior to the experiments, the vesicles were diluted to a final concentration of 0.4 mg of membrane protein/ml with 10 mM CAPS-KOH and enough bovine serum albumin to achieve a final concentration of 1 mg/ml. of Cry1Aa was tested with brush border membrane vesicles. In this assay, the only proteases present are those located at the surface of the vesicles. Commonly used inhibitors of each class of proteases were chosen. Since the principal proteases found in the lepidopteran midgut are serine proteases, mainly trypsins and chymotrypsins (58) , almost half of the inhibitors tested were active against this type of proteases. PMSF promoted Cry1Aa pore formation in the kinetic experiments, but the other six serine protease inhibitors tested, including AEBSF, another sulfonyl fluoride inhibitor, were ineffective. Thus, PMSF clearly increased the rate of pore formation, but this does not appear to be due to the inhibition of a membrane protease that could inhibit pore formation by degrading toxin molecules. This interpretation is further supported by the fact that stimulation of toxin activity requires substantially higher concentrations of PMSF than commonly used to inhibit proteases. Unfortunately, AEBSF could not be used at concentrations at which PMSF was stimulatory (3 to 5 mM) because under these conditions the solutions became turbid in the stopped-flow apparatus. Apparently, this was caused by an interaction of AEBSF with the silicone grease used to lubricate the syringes. Synergistic effects between B. thuringiensis toxins and serine protease inhibitors have nevertheless been documented (39, 55) . (57) found that these two inhibitors failed to synergize toxin activity in Plutella xylostella.
The lack of effect of PMSF, when added at the beginning or at the end of the incubation experiments, shows that PMSF does not change the maximum number of pores that can be formed in the vesicles and does not alter the biophysical properties of the pores. Furthermore, pretreatment of the vesicles and toxin molecules with PMSF does not increase the rate of pore formation in the kinetic experiments, suggesting that PMSF acts specifically during the process of pore formation. The effect of PMSF could possibly be explained by a modification of the toxin molecule on a serine residue (22) that only becomes accessible after binding of the toxin to the receptor. This modification could enhance toxin activity by adding one or several hydrophobic groups on the toxin molecule that could accelerate toxin insertion into the membrane. PMSF not only stimulated Cry1Aa but also enhanced the rate of pore formation by Cry1Ab, Cry1Ac, Cry1Ca, and Cry1Ea. However, the fact that PMSF promotes pore formation only when added simultaneously with the toxin and vesicles complicates its potential use to enhance the activity of commercial B. thuringiensis-based products, since PMSF could also inhibit midgut proteases that are essential for toxin activation. Furthermore, PMSF is relatively toxic and not very stable in water (28, 51) .
EDTA and EGTA reduced the rate of pore formation by Cry1Aa at pH 10.5, but only EDTA was inhibitory at pH 7.5. EDTA and EGTA did not prevent pore formation during a long (60-min) incubation period with the toxin and did not affect the properties of the pores already formed. At pH 10.5, the rate of pore formation by Cry1Ab, Cry1Ac, and Cry1Ea was also reduced by EDTA, but this chelator did not affect that of Cry1Ca. Since under certain conditions, pore formation was not affected by divalent cation chelators, the effect of EDTA and EGTA on toxin activity does not correlate with the inhibition of a proteolytic activity that would be essential for toxin activity. This conclusion is supported by the lack of effect of o-phenanthroline, which has a much higher stability constant for heavy metal ions (essential cofactors for the activity of metalloproteases) than for calcium (51) . Furthermore, the effect of EDTA and EGTA can be reversed in a nonspecific way by the addition of an excess of calcium, magnesium, or barium. In contrast with earlier suggestions (16, 38) but in agreement with other experiments using brush border membrane vesicles (25, 30, 63) , calcium and barium do not block the pores formed by the toxin. The slight reduction in the activity of Cry1Aa observed in the presence of 2 mM CaCl 2 at pH 7.5 can be explained by an effect of the increased ionic strength of the KCl solution (M. Fortier, V. Vachon, M. Kirouac, J.-L. Schwartz, and R. Laprade, submitted for publication).
The best-characterized receptors for Cry1Aa and other B. thuringiensis Cry toxins are aminopeptidase N and cadherinlike proteins (52) . EDTA and EGTA could possibly influence the enzymatic activity or the stability of these receptors. Aminopeptidase N from Bombyx mori (27) , for example, is a zinc enzyme that is well inhibited by o-phenanthroline and bestatin but poorly inhibited by EDTA. In the present study, the poreforming activity of Cry1Aa was not affected by o-phenanthroline or bestatin, indicating that the role of aminopeptidase N as a toxin receptor is independent of its enzymatic activity. This conclusion was already suggested by Lorence et al. (37) , although the reliability of the fluorometric assay that was used to monitor pore formation (37) has been questioned (31) . However, it is in contradiction with the interpretation recently formulated by Hossain et al. (26) according to whom the activity of aminopeptidase N can modify the N terminus of Cry toxins to expose a recognition site for receptor binding. On the other hand, chelation of calcium by EDTA and EGTA favors cleavage of the cadherin-like toxin receptor BT-R 1 (9, 40) . However, the major degradation products appear to retain full capacity to bind Cry1Ab in ligand blot experiments, even after prolonged (24-h) incubation (9, 40) . It is nevertheless not clear whether binding of the toxin to a partially degraded receptor leads to pore formation. Calcium-dependent structural integrity of the cadherins does not to appear to be important for toxin activity, since EGTA had no effect at pH 7.5 and Cry1Aa always formed pores following a 60-min incubation in the presence of either Ca 2ϩ chelator. Cultured High Five insect cells have recently been shown to become susceptible to Cry1Ab when expressing the cadherin receptor BT-R 1 (69) . Interestingly, Cry1Ab toxicity was abolished by EDTA but not by EGTA. Based on this observation and the fact that EGTA chelates Ca 2ϩ much better than Mg 2ϩ , it was suggested that toxicity could involve the activation of an Mg 2ϩ -dependent intracellular signaling pathway (69) . The inhibition by EDTA of pore formation observed in the present study, however, contradicts this hypothesis, since signaling pathways clearly cannot be operational in isolated brush border membrane vesicles. The observation that EGTA had a detectable effect on toxin activity in osmotic swelling experiments but was ineffective in experiments performed with cultured cells is consistent with the use of a higher pH in the former experiments and the fact that EGTA chelates Mg 2ϩ more efficiently as pH is increased (54) . The effects of EDTA and EGTA could therefore be better explained by the chelation of divalent cations involved elsewhere in the mechanism of pore formation, at the level of the membrane, such as the oligomerization of toxin molecules. It should be pointed out that the observation that EDTA is more strongly inhibitory than EGTA does not necessarily imply that Mg 2ϩ is required for pore formation. The possibility that EDTA inhibits toxin activity because of its ability to chelate efficiently most divalent cations cannot be excluded. The observed effects of EDTA and EGTA nevertheless contrast with bioassays, demonstrating a synergistic effect of B. thuringiensis toxins and EDTA, which reduces 50% lethal concentrations of B. thuringiensis toxins by 5 fold against P. xylostella (36), 10 fold against Agrotis ipsilon (50) , and 100 fold against Plodia interpunctella (20) . The mechanism by which these chelators enhance toxicity thus appears to differ from a simple depletion of divalent cations in the midguts of the larvae.
The effect of PMSF, EDTA, and EGTA does not correlate with the inhibition of the activity of a membrane protease; all the other protease inhibitors tested had little effect on pore formation by Cry1Aa. Thus, in contrast with earlier suggestions based on experiments carried out with Cry1Ab (8, 23), a cleavage in domain I by membrane proteases does not appear to be a necessary step in the mode of action of B. thuringiensis toxins. Nevertheless, we cannot exclude the possibility that brush border membrane vesicles contain a membrane protease that could not be inhibited by any of the compounds used in this study and that this unusual protease plays a critical role in the activity of the toxin. It also remains possible that a proteolytic cleavage within domain I of the receptor-bound toxin stimulates pore formation (35) . However, brush border membrane proteases do not appear to be sufficient to allow such a cleavage, at least after vesicles are prepared. The possible involvement of soluble proteases from the insect midgut remains to be studied. Since we have observed that brush border membrane vesicles are destabilized by midgut juice, another experimental system will be required to address this question. Preliminary results indicate that this can be achieved by the electrophysiological technique developed in our laboratory (49) .
